Abstract. The Mistral and Tramontane are mesoscale winds in southern France and above the Western Mediterranean Sea. They are phenomena well suited for studying channeling effects as well as atmosphere-land/ocean processes. This sensitivity study deals with the influence of the sea surface roughness length parameterizations on simulated Mistral and Tramontane wind speed and wind direction. Several simulations with the regional climate model COSMO-CLM were performed for the year 2005 with varying values for the Charnock parameter α. Above the western Mediterranean area, the simulated wind speed and wind direction pattern on Mistral days changes depending on the parameterization used. Higher values of α lead to lower simulated wind speeds. In areas, where the simulated wind speed does not change much, a counterclockwise rotation of the simulated wind direction is observed.
Introduction
The Mistral and Tramontane are winds in southern France, which are channeled by the Rhône and Aude valleys before blowing over the Mediterranean Sea. Since this winds are caused by similar synoptic situations, they often occur at the same time (Georgelin et al., 1994; Guenard et al., 2005) . They play a crucial role for deep water formation in the Gulf of Lion and for the understanding of the Mediterranean Sea circulation (Schott et al., 1996; Béranger et al., 2010) . On Mistral and Tramontane days, simulations with the regional climate model COSMO-CLM (CCLM) with 0.088 • grid spacing were found to be able to simulate Mistral and Tramontane wind patterns slightly overestimating 10 m wind speed compared to satellite and buoy observations (Obermann et al., 2016) .
This sensitivity study investigates the influence of the sea surface roughness length parameterization on the patterns of Mistral and Tramontane wind speeds and wind directions above the Mediterranean Sea in CCLM simulations. The aim of this study is not to find a better parameterization of surface roughness, but a discussion of the sensititvity of wind patterns of an atmospheric model on its parameterization. A complete description of the ocean-atmosphere interaction and, therefore, the sea surface roughness, also should account for ocean currents, waves, and interaction between these phenomena Ricchi et al., 2016) .
Three atmosphere only simulation runs with different parameterizations were performed for the year 2005 in which Mistral occurred at 88 days. 81 of which in coincidence with Tramontane (Edelmann, 2015) . The Mistral and Tramontane days in 2005 were identified using 13 observation stations in Southern France which provided gust information along the dominant Mistral and Tramontane directions. An explanation of the full algorithm to identify Mistral and Tramontane days can be found in Obermann et al. (2016) .
Regional climate simulations
The CCLM model (Rockel et al., 2008; Kothe et al., 2014) is the climate version of the nonhydrostatic atmospheric COSMO model, which is used by the German Weather Service for operational weather forecasts. It consists of the primitive thermo-hydrodynamical equations for a fully compressible flow in moist atmosphere formulated in rotated geographical coordinates and generalized terrain following height coordinates. The simulations of this study were performed by Goethe Universität Frankfurt (GUF) using the model version CCLM 5-0-2 with a turbulent kinetic energy (TKE) transfer scheme for surface fluxes and the soil model TERRA. A two time-level second-order Runge-Kutta scheme was used. Spectral nudging, condensation, convection and grid scale precipitation were enabled (Edelmann, 2015) .
Nesting strategy
The simulations cover a domain of 1140 × 800 km 2 encompassing Southern France and a large part of the western Mediterranean Sea (area marked in blue in Fig. 1 ). The simulations are nested into a CCLM simulation (model version CCLM 4-8-18) on the larger MedCORDEX domain which covers the Mediterranean Sea, the Black Sea, and the surrounding land areas (Ruti et al., 2015 , area marked in red in Fig. 1 ). The simulation on the outer domain was initialized on 1 January 1989, while the simulations on the inner domain cover 1 year, starting from 1 January 2005. Horizontal grid spacing for both domains is 0.088 • with 40 vertical levels and a time step of 30 s. One way nesting with three boundary lines (i.e. about 30 km) is used. The boundary data are updated every three hours and interim time steps are linearly interpolated (Edelmann, 2015) .
Forcing data
The forcing data for the simulation on the MedCORDEX domain comes from ERA-Interim (Dee et al., 2011) . The information on sea surface temperature (SST) is provided as daily means and linearily interpolated to the CCLM grid.
Variation of roughness length
The roughness length z 0 depends on the properties of ocean waves and, therefore, on wind speeds over the sea surface. A classical parameterization of sea surface roughness was introduced by Charnock (1955) :
The parameterization of sea surface roughness varies between regional climate models. For example, the Weather Research and Forecasting (WRF) model (Colin et al., 2010) uses α = 0.0185 and adds a constant of 1.59 × 10 −5 m to avoid zero roughness length. Alternative versions of the Charnock formula from five regional climate models have been tested in CCLM. A detailed discussion of these parameterizations and comparison to observational data can be found in Edelmann (2015) . In this study, the focus is on the variation of the CCLM parameterization of the Charnock formula. In CCLM (Doms et al., 2011) , the Charnock formula is implemented as
Here, α denotes the Charnock parameter, g the gravity constant, u * the friction velocity, and w * the free convection scaling velocity. In the standard configuration, CCLM uses a value of α = 0.0123. In this study, two larger values of the Charnock parameter (α = 0.025 and α = 0.05) have been tested because of the aforementioned overestimation of wind speed in CCLM 0.088 • simulations. Even though large values of α do not have a physical background, they give the possibility to test the sensitivity of wind patterns on α. Figure 2 shows the roughness length as function of u * for the three values of α tested in this study. All other parameters and the forcing data are the same for all three simulation runs. Figure 3a shows the mean sea level pressure during the Mistral days in 2005 from the reference simulation (α = 0.123). The situation is characterized by a pressure low visible close to Corsica in the right part of the figure. Figure 3b shows the mean 10 m wind speeds during the same days. The highest (Fig. 3c ). In the Rhône valley, Mistral comes mainly from north, while the dominant Tramontane direction in the Aude valley is westnorthwest.
Results

Reference simulation
3.2 Changes in wind speed and direction along the variation of α Figure 4 shows the bias of the simulation runs with α = 0.025 and α = 0.05 compared to the reference run (α = 0.0123). A decrease in wind speeds is observed for increasing α (Fig. 4a, c ) in large parts of the modeling domain. The strongest decrease in wind speed for increasing α occurs in areas with high absolute wind speeds in the reference run (Fig. 3b) . With increasing α, the wind direction changes to a more counterclockwise rotated direction south of the Balearic Islands, between the Alps and Corsica, as well as from Corsica to the northern Apennines (Fig. 4c, d ). In the residual areas around Corsica and at the coast close to Alps and Pyrenees, the wind is rotated clockwise. The variation of α exerts only a weak influence upon the sea level pressure field: on one hand the sea level pressures undergo only slight changes in general. On the other hand the position of the minimum sea level pressure within the domain does not move (not shown).
Buoy observations
In the area of interest, two stationary buoys measure wind speed and wind direction (and further parameters) several times a day. The Lion buoy is located in the Gulf of Lion (42.1 • N, 4.7 • E), the Azur buoy is located close to the French-Italian border (43.4 • N, 7.8 • E). The buoy locations are marked in Figs. 3 and 4. Figure 5 shows wind speed density plots for both buoy locations. The wind speed is overestimated by all three simulations, with the reference (α = 0.0123) having the largest bias.
As can be seen from Fig. 3c , the wind comes from a northwesterly direction at the Lion buoy location during Mistral days. The simulations show a small clockwise rotated bias at this location. The main wind direction for the Azur buoy location is north-easterly. Here, the simulations show a counter-clockwise rotated bias. As can be seen from Fig. 4c and d, the wind direction differences between the three simulations at both buoy locations are small.
Interconnection of wind speed and wind direction change
The Mistral events in 2005 are divided in two groups, depending on the observed wind speed at the Lion buoy. 32 days showed daily mean 10 m winds below 12 m s −1 , 52 showed wind speeds above 12 m s −1 . For the remaining 4 days no observations were available. For both the α = 0.025 and the α = 0.05 run, the wind speed decreased stronger on days with high wind speeds in the reference run. On days with lower wind speeds, the change in direction is stronger than for days with high wind speeds (not shown).
Influence of sea surface temperature
The daily mean sea surface temperature (SST) in the area 3-8 • E and 38.5-43.5 • N is used to divide the Mistral days in days with high SSTs (above 20 • C) and days with low SSTs (below 14 • C). 29 Mistral days of 2005 are in each of the groups. When calculating the biases as shown in Fig. 4 , the influence of SST on wind speed and direction changes can be derived. The wind speed change compared to the reference is stronger during cold Mistral events, while the wind direction changes are more pronounced during warm events. The relative change in wind speed is of the same magnitude during cold and warm events, due to the stronger wind speeds during cold events (not shown).
Discussion
The 10 m wind speed decreases in large parts of the modeling domain for increasing α as expected from the u 2 * -dependence of Eq. (2). This result is in agreement with the findings of Thévenot et al. (2015) , who showed that an increase in wave height (and a resulting increase in z 0 ) leads to lower wind speeds.
The largest differences are found for the Gulf of Lion, where the highest wind speeds are observed in the reference simulation. Another effect occurs in wind direction: here, the bias is the largest in the area between the Alps and Corsica (that is, in the north-eastern part of the investigation domain) where only minor wind speed changes are observed. From the wind speed dependence of the Coriolis force one would expect that slower winds (as they are observed for higher values of α) come from a more counterclockwise rotated direction. Consequently, this effect should be stronger where the wind speed change is larger, but this is not present in the simulations.
Indeed, the change of wind speed and wind direction do not occur at the same time and location. The patterns found in this sensitivity study could be due to several phenomena. The counterclockwise rotation at the borders of the main flow could be due to the flow becoming more agestrophic with decreasing wind speed. Coriolis force decreases with decreasing wind speeds, and the counteracting pressure gradient force could cause the rotation. Giles (1977) discussed the Coanda effect resulting in the Mistral staying attached to the Alps. This counteracts the clockwise rotation of Mistral and Tramontane due to the Coriolis force. The increased α values could potentially result in a broadened Mistral and Tramontane flow, which would extend further to the east. A consequence of which would be a smaller bias in wind speed and a counter-clockwise rotated wind between Alps and Corsica. The situation east of Corsica could be similar in the case of the Italian Tramontane.
On days with higher SSTs, the wind direction changes are stronger than on days with low SSTs, while the wind speed changes are larger on days with low SSTs. An increased α parameter influences the winter and spring Mistral days (i.e., days with low SSTs) more in terms of wind speed, while the influence on wind direction is the strongest during summer and autumn (i.e. days with high SSTs).
Conclusions
Three values for the Charnock parameter α have been tested within the regional climate model COSMO-CLM. In the Western Mediterranean area, the wind pattern on Mistral days changes depending on the parameterization used. While the whole sea level pressure pattern does not change much, higher values of α lead to lower wind speeds in the main flow. The overestimation of wind speeds found in the reference simulation was reduced. A counterclockwise rotation of the wind on the left hand border of the flow is observed for higher valutes of α. This could be due to a change in the balance between the wind speed dependent Coriolis force and pressure gradient force as well as corner effects as the so called Coanda effect, which causes a flow to stay close to nearby mountain ranges. Further studies are needed to test these assumptions and to study the sensitivity to roughness length changes due to other phenomena (e.g., ocean currents and waves).
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